Junctophilins (JPHs) are members of a junctional membrane complex protein family important for the physical approximation of plasmalemmal and sarcoplasmic/endoplasmic reticulum membranes. As such, JPHs facilitate signal transduction in excitable cells between plasmalemmal voltagegated calcium channels and intracellular calcium release channels. To determine the molecular evolution of the JPH gene family, we performed a phylogenetic analysis of over 60 JPH genes from over 40 species and compared conservation across species and different isoforms. We found that JPHs are evolutionary highly conserved, in particular the membrane occupation and recognition nexus motifs found in all species. Our data suggest that an ancestral form of JPH arose at the latest in a common metazoan ancestor and that in vertebrates four isoforms arose, probably following two rounds of whole genome duplications. By combining multiple prediction techniques with sequence alignments, we also postulate the presence of new important functional regions and candidate sites for posttranslational modifications. The increasing number of available sequences yields significant insight into the molecular evolution of JPHs. Our analysis is consistent with the emerging concept that JPHs serve dual important functions in excitable cells: structural assembly of junctional membrane complexes and regulation of intracellular calcium signaling pathways.
calcium signaling; junctional membrane complex; excitation-contraction coupling; MORN motif; excitable cells JUNCTIONAL COMPLEXES BETWEEN the plasma membrane (PM) and endo/sarcoplasmic reticulum (ER/SR) are found in excitable cell types (46) . Close apposition of the PM and ER/SR membranes is a requirement for efficient cross talk between ion channels that localize to the PM and ER/SR ( Fig. 1) and is mediated by junctophilins (JPHs) (3, 46) . Consistently, members of the JPH family are expressed in excitable cells (3, 46) . Spatial coupling of the PM and ER/SR by JPHs ensures optimal transmission of the transmembrane (TM) Ca 2ϩ influx signal to Ca 2ϩ release from within the ER/SR, a process that underlies contraction of muscle, insulin release from pancreatic ␤-cells, and synaptic plasticity in neurons ( Fig. 1) (14, 42) .
In skeletal muscle, junctophilin-1 (JPH1) is believed to facilitate direct protein-protein interactions between voltagedependent L-type Ca 2ϩ channels (LTCC) on the PM and intracellular Ca 2ϩ release channels (CRCs), specifically the type 1 ryanodine receptor (RyR1), on the SR (36, 40) . In cardiac muscle, JPH2 determines the distance that the flux of Ca 2ϩ entering through LTCC must travel, before reaching the activating Ca 2ϩ binding sites on type 2 ryanodine receptors (RyR2) (19) . As such, JPH2 might indirectly determine the gain of Ca 2ϩ -induced Ca 2ϩ release (CICR) in cardiac myocytes (16) . In neurons, JPH3 and JPH4 contribute to the formation of similar junctional membrane structures in subsurface cisternae, although their functions are not as well understood as those in skeletal/cardiac muscle (37) .
Despite the important functional role for JPHs in muscle and neurons, little is known about the canonical JPH protein structure as X-ray crystallography data are lacking at present. Based on primary sequence analysis, it has been proposed that all JPH isoforms contain eight "membrane occupation and recognition nexus" (MORN) motifs clustered near the amino terminus, followed by a putative ␣-helical domain, and a carboxyl-terminal TM segment ( Fig. 1) (36) . The MORN motifs likely mediate association with the PM, either directly by interacting with lipids or possibly indirectly through membrane-bound adapter proteins (23) . The ␣-helical domain might determine the distance between the PM and the ER/SR, which is estimated to be ϳ12 nm based on electron microscopy measurements (24, 25, 46) . Several in vivo studies support this notion that JPHs determine the spacing between the PM and ER/SR membrane (26) . Genetic deletion of JPH2 in mice leads to the formation of fewer and improperly aligned junctional membrane complexes (JMCs) in cardiac muscle, as evidenced by an increased PM-SR distance (46) . On the other hand, overexpression of JPH1 in amphibian embryonic cells is sufficient to generate de novo 12 nm junctions between the ER/SR and PM (26) .
To date, most cloned JPH genes are from mammalian origin. However, the recent availability of nucleotide sequencing data of JPH genes from lower vertebrates and invertebrates provides the opportunity to compare JPH amino acid sequences from a variety of different organisms (Table 1) . In this study, we performed a comprehensive phylogenetic study of all known JPH sequences currently available in genomic databases. By analyzing multisequence alignments, we demonstrate a high level of conservation among vertebrate JPH isoforms, suggesting the four mammalian JPH genes that encode JPH1-JPH4 arose from an ancestral gene via two whole genome duplications. Our data also reveal excellent evolutionary conservation of the joining region between the first six and the last two MORN motifs, suggesting this region might serve an accessory protein-binding region. These studies provide novel insights into the molecular evolution of JPHs and highlight the potential role of JPHs in excitable cells.
MATERIALS AND METHODS

Sequence Data
All sequences used in this study were obtained from either the Ensembl Genome Browser (Wellcome Trust Genome Campus, Hinxton, Cambridge, UK) or the National Center for Biotechnology Information (NCBI, Bethesda, MD) (4, 22) . A custom program was written using the BioPython tools package (http://biopython.org) to catalogue results obtained from a protein basic local alignment search tool (BLASTP) with human JPH1-4 isoforms as queries (accession numbers NP_065698.1, NP_065166.2, NP_065706.2, and Q96JJ6.2, respectively). Full protein sequences from the top 200 hits of each BLASTP search were entered into a database, and any duplicate entries were removed. This yielded 252 unique database entries. The database was then filtered using a minimum high scoring pair (HSP) score of 300 (1), because most E values were very small (typically smaller than e Ϫ100 ). The resulting data showed a biphasic distribution; most full-length sequences had an HSP value Ͼ300, whereas most small fragments with high homology attained Ͻ300. In case multiple entries were identified for a given isoform of the same species, all entries were analyzed in detail, and the most representative or complete sequence was chosen to be representative of that isoform.
The results were then manually curated to eliminate possible artifacts due to sequencing or prediction errors. In particular, we created a modified Gallus gallus JPH1 sequence by removing the first 150 amino acids from the original sequence (XP_418302.2). By examining the sequence and conservation across species, we find it probable that the extra segment was due to an incorrect prediction of the start codon in the 5Ј region upstream of the consensus start codon.
During the process of verifying each sequence manually, we eliminated several protein sequences from the phylogeny analysis even though they satisfied our HSP threshold of 300. The Macaca mulatta JPH3 (XP_001092976.1) had Ͼ200 additional amino acids in the sequence, suggesting an error in intron prediction, whereas all other M. mulatta isoforms exhibited Ͼ98% homology to the human isoforms. Two sequences, Sus scrofa JPH1 (XP_001925343.1) and Bos taurus JPH2 (XP_001788032.1), were eliminated from the analysis, as they, despite high conservation, ended prematurely. Equus caballus JPH4 (XP_001918361.1) had a 123-amino acid gap in the middle of the sequence that matches a gap in the sequence (UCSC Genome Browser, Horse Assembly January 2007, chrUn:181082763-181083762), suggesting that the missing amino acids are due to incomplete sequencing. Similarly, Canis lupus familiaris JPH2 (XP_853529.1) had a gap in the sequence (May 2005 assembly, chr24:34678376-34680451) and was excluded from further analysis. Although Drosophila silvestris sequences ABY55761.1 and AAC06033.1 had an HSP score Ͼ300, both fragments (345 and 147 amino acids long, respectively) were short compared with the other Drosophila JPHs that were ϳ1,000 residues long.
The complete list of sequences used in the analysis is shown in Table 1 . After screening with a minimum HSP score and discarding sequences that where incomplete or otherwise truncated, we analyzed 64 isoforms from 41 species (27 invertebrates and 14 vertebrates). Only three species had sequences for all four isoforms: Homo sapiens, Mus musculus, and Rattus norvegicus.
Alignments and Phylogenetic Analysis
The protein sequences for the resulting 64 isoforms were aligned using ClustalW2 (version 2.0.10) (28) and verified using MUSCLE. The phylogeny tree was generated from the ClustalW2 alignment using PhyML Online (version 3.0.1) (17, 18) . The tree topology search was obtained using Nearest Neighbor Interchange, with the LG (29), JTT, WAG, and Dayhoff substitution models and BIONJ initial tree. Branch support was calculated using the approximate likelihood- (7) and yellow (13) . ratio test [aLRT (2) ]. Using the UPGMA and NJ methods and using CLC Sequence Viewer version 5.0.1 and a bootstrap value of 1,000, we also generated additional phylogeny trees. Sequence alignment figures and phylogeny tree depictions were generated using CLC Sequence Viewer version 5.0.1. Conservation scores were calculated by the same method as by ClustalW2 (by dividing the number of identities in the best alignment by the number of residues compared). Sequence logos (44) were created with the online program WebLogo 
In Silico Models
Secondary protein structure predictions were performed on the human JPH isoforms, using the consensus of the SOPM, HNN, DPM, DSC, GOR IV, PHD, PREDATOR, and SIMPA96 models provided by NPS@ (Network Protein Sequence @nalysis, http:// www.bioinf.manchester.ac.uk/dbbrowser/bioactivity/NPS2.html). Phosphorylation sites were predicted using the KinasePhos online website with a prediction specificity of 100% (http://kinasephos. mbc.nctu.edu.tw/index.php), which is based on profile hidden Markov models (HMM) (21) .
RESULTS
Phylogeny of the JPHs
JPHs were found to be present and highly conserved across phyla of the animal kingdom. By comparing JPH protein sequences from different species, we can derive the evolutionary history of the JPH family. Therefore, we decided to examine the molecular evolution of JPH in detail. After an extensive search and review of the NCBI database for all proteins similar to JPHs, 64 full-length nonredundant isoforms from 41 species were included in the phylogenetic analysis (27 invertebrates and 14 vertebrates). There were 19 mammalian JPH sequences and 45 nonmammalian sequences, of which 17 were from lower vertebrates and 28 from invertebrates. All JPH sequences identified and used for phylogenic analysis are listed in Table 1 . The JPH proteins range in size from 377 to 1,129, with the vast majority between 600 and 900 amino acids. Only five sequences are Ͻ560 amino acids; their short length is apparently an artifact of incomplete sequencing of the 3Ј end, but the NH 2 terminus of the protein still yields important conservation information in the MORN and joining regions. The only sequences that exceed 925 amino acids are those of the honey bee (Apis mellifera), wasp (Nasonia vitripennis), and Drosophila spp. The increased length is mostly due to extra segments in the divergent region and may be a result of an arthropod-specific divergence. The ␣-helical region, thought to account for most of the PM-SR distance, is not significantly affected. This correlates with the reported PM-SR distance in Drosophila junctional regions, which are reported to range from 10 to 25 nm (53). The sequence alignment using ClustalW2 (Supplemental Fig. S1 ) 1 was compared with results of MUSCLE alignment (Supplemental Fig. S2 ) and yielded highly similar results. Figure 2 shows the unrooted maximum-likelihood tree for all 64 JPH sequences. The resulting tree has a log-likelihood of Ϫ41800.47734 and a tree size of 48.60002 (17) . Trees generated using additional three different ML substitution methods (Dayhoff, JTT, and WAG) showed almost identical results and are included in the supplementary material (Supplemental Figs. S3-S5). UPGMA and NJ tress are also shown ( Supplementary  Figs. S6 -S7) . The tree shows a clear separation of the ancestral invertebrate JPH isoforms (JPHa), with further branching into phylum-based groups containing Nematodas, Arthropodas, Cnidarias, Echinodermata, and Chordata sequences. Although the tree follows the commonly accepted evolutionary path, the Cnidarians (Hydra magnipapillata and Nematostella vectensis) are paradoxically shown among the bilateria, between the echinoderms and chordates. They are also shown with particularly long branch lengths. This is most likely a combination of artifacts due to sequence gaps and the short (possibly truncated) sequence of the species included, combined with the rapid divergence and gene loss of the arthropod and nematode genomes compared with the vertebrates and cnidarians (41) .
The divergence of JPH into four genes took place after chordates branched from other deuterostomes but before the vertebrates arose, as indicated by the relative positions of the amphioxus (this genome is in draft form, so two candidate sequences are included) and sea squirt genomes, leading to separation from the invertebrate JPHa clade. The ancestor to the vertebrate JPH family underwent two separate gene duplication events, most likely first giving rise to a muscle and a neuronal isoform. The JPH1-2 clades then separated from the common muscle ancestor, whereas the JPH3-4 clades diverged from the neuronal ancestor. The actual timing of these serial gene duplications could not be established due to the lack of JPH sequences from organisms spanning the evolutionary gap between invertebrates and lower vertebrate fish species. The vertebrate JPH sequences are distinctly grouped into four clades, including the four JPH1, JPH2, JPH3, and JPH4 protein groups. Within each of these four groups, mammalian and nonmammalian vertebrate proteins are grouped in a manner consistent with the evolution of the organisms. Overall, these vertebrate JPH isoforms remained tightly conserved across a variety of species, suggesting that they have been subject to significant pressure to remain relatively unchanged, even though four distinct isoforms were generated very early among vertebrates. JPH4 exhibits a longer branch length relative to the other isoforms. This implies that JPH4 has undergone the most sequence changes, which suggests it has been under less evolutionary pressure than the other JPHs. This may indicate that whereas JPH1-3 all have very specific roles in skeletal and cardiac muscle, and in the brain respectively, JPH4 may only have an accessory or complementary role in the brain.
Sequence Alignments
Following the identification of the JPH protein family, it has been postulated that each protein contains eight MORN motifs in the NH 2 -terminal domain, an ␣-helix, and a COOH-terminal transmembrane motif (46) . The conservation of these protein domains in JPH isoforms throughout evolution is evidenced by the high homology in the full amino acid sequence alignment (Fig. 3) . Indeed, the highest degree of conservation was observed in the first group of MORN motifs (I-VI), the second series of MORN motifs (VII-VIII), the ␣-helical domain, and the transmembrane segment. The joining region was not thought to play a particular role in JPH function. However, the alignment in Fig. 3 shows significant conservation islands in the region, for example amino acids 190 -210 in human JPH2. This suggests these sites may have a specific role in JPH function.
Among the four human JPH isoforms (JPH1-4), amino acid conservation of the full-length sequences ranges from 42 to 59% (Table 2) . Conservation percentages for the ␣-helical domain and the TM segment across the human JPH isoforms range from 40 to 68% and 35 to 75%, respectively. Interspecies sequence homology was determined for 8 JPH2 isoforms included in this study (Table 3) . Among the six mammalian JPH2 isoforms, amino acid sequence conservation of the entire proteins was Ն73%. When the Tetraodon nigroviridis (green spotted puffer fish) and Danio rerio (zebrafish) were included in the alignments, the minimal conservation percentage was 55%. The overall high degree of conservation suggests that the various domains all serve specific purposes, and mutations in any of them could have significant impact on the protein structure/function. MORN motifs. JPHs contain multiple repeats of MORN motifs. Prior studies have demonstrated that MORN motifs are able to target proteins to the cell's PM (30) . In addition to JPHs, the MORN motif is also found in multiple copies in several other classes of proteins including histone-lysine Nmethyltransferase [SETD7 (UniProt Q8WTS6)] and phosphatidylinositol-4-phosphate 5-kinase (23) .
In JPHs, the MORN motifs are highly conserved, with amino acid homology ranging from 76% (MORN II) to 90% (MORN I) across all species. When analyzing the conservation of individual amino acids within the 14 amino acid-containing MORN motifs, we accounted for most of the variation (both within isoforms and across species) by the sixth and seventh amino acid. Whereas most amino acids were between 80 and 100% conserved, these two amino acid positions were conserved at an average of 51 and 52%, respectively. Interestingly, this variability was so pronounced that the MORN IV motif in Drosophilia spp. actually contains an additional lysine, and H. Fig. 2 . JPH phylogeny tree. Phylogeny tree of 64 JPH isoforms representing 41 species generated using the maximum likelihood method, with the LG substitution model and BIONJ initial tree. Branch support is calculated using the approximate likelihood ratio test and shown for each branch out of 100. Isoforms are listed by the Latin name. The branch length for Hydra magnipapillata was truncated for clarity; the actual length is shown. *The first 150 amino acids Gallus gallus JPH1 were removed (see METHODS) .
magnipapillata an asparagine between the sixth and seventh position.
Comparison of the different MORN motifs has resulted in a consensus MORN motif that can be described as YxGxWxxGKRH GYG, with x representing ambiguous amino acids (Fig. 4) . Considering that the MORN motifs are hypothesized to bind the PM, in particular PIP2(30), these amino acids could be critical in forming the binding site. So far, human JPH2 is the only JPH isoform for which genetic mutations have been associated with human disease (27) . Interestingly, one of the reported mutations, Y141H, occurs within a MORN motif, (amino acid 13 of MORN motif IV). Thus, this particular mutation might alter membrane binding of JPH2, thereby affecting JPH function in the heart, leading to cardiomyopathy in patients.
Joining region. The joining region is defined as the sequence linking the first group of MORN motifs (I-VI) to the second group containing MORN motifs VII-VIII. To date, the joining region is not known to have a particular function. Here, however, we demonstrate that the joining region exhibits several areas of high conservation. To compare the amino acid conservation across various joining regions of JPH1-4 isoforms, we aligned only those sequences for which all four JPH isoforms were available. This limited the analysis to H. sapiens, M. musculus, and R. norvegicus. The results revealed a higher level of conservation among the neuronal JPHs, with the joining region in JPH3 being 99.3% conserved (only 1 of 144 amino acids is different among the three species), and JPH4 being 98.7% conserved (2 of 139 amino acids being different). Conservation is slightly lower among muscle JPHs, with 97.0 and 87.3% conservation of the joining region for skeletal JPH1 and cardiac JPH2, respectively. The overall high level of conservation suggests an important functional role for the joining region in JPHs, in particular for the first segment.
␣-Helix domain. Previous studies have reported an ␣-helical domain spanning ϳ100 amino acids halfway along the protein (46) . We confirmed that the ␣-helical domain, spanning approximately from amino acids 350 to 420 in human JPH2, is the main region within JPH proteins with an extensive predicted secondary structure. The ␣-helix is thought to bridge the gap between the PM and the SR (36) . The domain is conserved across isoforms, ranging from 40 to 68%. The average length of this domain is ϳ70 amino acids, which equates to an ␣-helix spanning ϳ10.5 nm (assuming that each amino acid contributes 1.5 Å along the helix axis). This prediction correlates well with electron microscopy data showing a distance between the PM and SR in cardiac muscle of 12 nm (46) . Since this distance decreases significantly in cardiac muscle lacking JPH2, JPHs might actively determine the distance between the cell surface and intracellular (SR/ER) membranes.
Divergent region. The role of the divergent region is less clear at present. Despite its name, the region exhibits significant conservation across species. Comparison of the divergent regions of human, mouse, and rat sequences (as described above for the joining region) revealed high degrees of conservation for the four JPH isoforms: JPH1 (85.7%), JPH2 (83.7%), JPH3 (86.4%), and JPH4 (91.4%). Comparing the different JPH isoforms (JPH1-4), the divergent regions exhibit very low conservation percentages of 17.2% in humans, 15.5% in mice, and 17.5% in rats. This significant divergence between isoform and interspecies conservation suggests that the divergent region might play an important role in isoform-specific JPH functions. One hypothesis is that the divergent region mediates interactions with tissue-specific binding partners within the JMC. Another possibility is that the divergent region hosts sites for posttranslational modifications that serve to regulate protein function.
TM segment. The TM segment is conserved almost completely across species, ranging from 95 to 100% conservation and is also highly conserved across isoforms, from 35 to 75%. Secondary structure analysis also consistently predicts the formation of a TM segment, anchoring the carboxy terminus of the protein into the ER/SR membrane.
Secondary Structure Analysis
To further refine the structure of JPH, a consensus of secondary structure models was used to predict the most likely configuration of each functional region. Figure 5 shows the predicted structure for each of the human JPH proteins. The previously reported ␣-helical region is immediately apparent, constituting an ϳ70-amino acid ␣-helix near the middle of the sequence. Additional smaller, interspersed ␣-helices are predicted throughout the protein sequence, comprising on average 20% of total JPH sequence. In particular, a small triplet of helices is predicted in the joining region. The remainder of the protein is predicted to consist of random coil regions (65%), extended strands (10%), or be ambiguous at present (5%).
Posttranslational Modifications
Posttranslational modifications are used extensively to modulate protein functions. Protein kinases A and C (PKA, PKC) are just two examples of many protein kinases that play a critical role in calcium signaling (50) . In the heart, phosphorylation by these kinases significantly affects the dynamics of the heart, impacting contractility, relaxation, and cardiac output (51). In the case of JPH, a phosphorylation site could be key to regulating protein binding, or act as a structural switch, altering the distance between the PM and SR membranes. An unbiased kinase site search using HMM of the four human JPHs predicted up to 24 possible phosphorylation sites in JPH1, 35 in JPH2, 33 in JPH3, and 29 in JPH4, including targets of PKA and PKC (Table 4 and Supplemental Table S1 ). Large-scale mass spectrometry screens for phosphorylation sites in enriched phosphopeptide preparations have postulated a variety of candidates in mouse JPH1 [serine-448 and 452 (47) (40) . These available cysteines were found to play a key role in protein-protein interactions with the skeletal muscle RyR1 (40) . These findings suggest that JPHs have a role beyond serving as a structural foundation for the JMCs; the phosphorylation and protein-protein interaction sites could regulate calcium signaling even after the JMC is established.
Human Disease-associated Mutations in JPH2
Recently, several missense mutations in JPH2 have been associated with hypertrophic cardiomyopathy (HCM) in patients in the US (27) and Japan (31) . Conservation of the residues affected by these disease-associated mutations (S101R, Y141H, S165F, and G505S) is shown in Fig. 6 . The alignment shows that residues Y141H and S165F are highly conserved across all isoforms, whereas G505S was only conserved within JPH2 isoforms, and S101R was poorly conserved overall. Interestingly, the Y141H and S165F are near the start of the joining region, where we propose a functional domain may be present. This hypothesis is supported by in vitro functional analysis of these mutations in immortalized cardiac cell lines in which overexpression of mutated JPH2 demonstrated vacuolated SR, attenuation of calcium-induced calcium release, and induction of cellular hypertrophy (26) . Importantly, Y141H and S165F, which localize to residues highly conserved across multiple species, demonstrated the most impressive in vitro phenotype. These findings represent the first human disease associated with mutations in JPH2.
DISCUSSION
In this study, we report the first comprehensive phylogenetic analysis of the JPH family. JPHs are a class of structural proteins that play an important role in the structural organiza- tion of JMCs, important subcellular structures in excitable cells involved in intracellular calcium signaling. We report the first extensive use of in silico techniques fully leveraging the data published in genomic databases. By aligning multiple isoforms and different species, we determine conservation at the single amino acid level and predict regions with structural importance and possible sites of posttranslational modifications. We postulate conserved regions that may play a role in protein structure and function, as well as a likely evolutionary history of the protein family. These findings are important to guide future research into the role(s) played by JPHs. Our study was limited by the incomplete sequencing or draft nature of several genomes, which yielded truncation artifacts. In particular, the early chordate sequences have incomplete COOH-terminal sequences, which slightly decreased the fidelity of our analysis. Nevertheless, the inclusion of sequences that met our inclusion criteria despite truncations was critical to explore the vertebrate/invertebrate split and the subsequent gene duplications that took place.
Evolution of JPH Isoforms
The JPH family is highly conserved throughout many species. Our studies reveal that JPHs have been predicted to be part of cnidarian, nematode, arthropod, and chordate genomes. The cnidarians (H. magnipapillata and N. vectensis) appear paradoxically among the deuterostomes, whereas they would be expected to be the first branch to split. This is most likely an artifact of the alignment (the N. vectensis sequence is likely truncated at the 3Ј end) coupled with the rapid divergence of the arthropod and nematode genomes from deuterostomes that artificially brings the cnidarians closer to chordates and echinoderms. This artificial grouping probably causes the models to assume a high rate of mutation, which explains the particularly long branch lengths that are generated. The amphioxus and sea squirt genomes highlight the split between early chordates and the vertebrates, which are theorized to have undergone whole genome duplications (10) . Although two amphioxus JPH sequences met our criteria and are shown, it is probably an artifact of sequencing or assembly (the genome used is the first draft assembly). In fact, both A and B isoforms are probably NH 2 -terminal fragments of the full-length Branchiostoma floridae JPH.
Our phylogenetic analysis suggests that gene duplications in the vertebrate lineage produced multiple copies. In the human, JPH1 is found on 8q21, JPH2 on 20q13.12, JPH3 on 16q24.3, and JPH4 on 14q11. The duplication and subsequent divergence allow each different isoform to specialize in a specific function and tissue. JPH1 and JPH2 became critical to the formation of triads in skeletal muscle and dyads in cardiac myocytes, respectively, while JPH3 and JPH4 are associated with subsurface cisternae in neurons. The presence of these four isoforms in mammals, as well as in the bony fish, and their close conservation with isoforms from other species (see Fig.  2 ) indicate that these different roles were established around the fish-tetrapod split (at least as far back as the divergence of gnathostomes, or jawed vertebrates, approximately 450 million years ago). This is in accord with the 2R hypothesis, which postulates two rounds of whole genome duplication took place in that period (10) . These findings are similar to the evolution of other proteins in the junctional membrane complex, including the intracellular CRC, NCX, and the Ca 2ϩ release-activated Ca 2ϩ channel subunit Orai. The whole genome duplication theory also suggests that an additional round of replication (3R) took place in the teleosts (32) . The genomes of D. rerio and T. nigroviridis harbor six and seven possible JPH genes (or pseudogenes), respectively (data not shown). Although the fragments are too short to pass our inclusion criteria or be included in the phylogeny tree, they could be the traces of the additional paralogs predicted by the 3R hypothesis.
Another interesting finding is the peculiar position of JPH4. The longer branch length in JPH4 implies that it has undergone the most sequence changes, which suggests it has been under less evolutionary pressure than the other JPHs. This may indicate that whereas JPH 1-3 all have very specific roles in skeletal and cardiac muscle and in the brain, respectively, JPH4 may only have an accessory or complementary role in the brain. The expression of JPH3 and 4 in almost identical regions of the brain supports this hypothesis: both are most highly expressed in the hippocampus, granule cells of the cerebellum, caudate putamen, nucleus accumbens, and the olfactory bulb and anterior olfactory nuclei. Additionally, JPH3 has a low Fig. 6 . Alignment of published JPH2 mutations associated with cardiomyopathy in patients. Four mutations in JPH2 associated with heart disease have been published. The mutation is highlighted by a black box, and the alignment of the mutated site is shown by the gray shading. S101R, Y141H, and S165F from Ref. 27 ; G505S from Ref. 31. level of expression in the ventrolateral, ventroposterior, and posterior thalamic nuclei and spinal gray matter, whereas JPH4 is undetectable in these regions (37) . Furthermore, in knockout mouse models a phenotype was only apparent when both JPH3 and 4 where knocked out simultaneously (34) .
Interestingly, other junctional membrane proteins seem to have lost the fourth isoforms predicted by the 2R hypothesis altogether [e.g., NCX (39) and RYR (48) only have three isoforms], suggesting that JPH4 may have a redundant function (as suggested by the knockout data). Conversely, the evolutionary conservation of JPH4 in vertebrates suggests that it may have evolved to carry out a particular function (probably, but not necessarily similar to JPH3 function) that was not detected in the knockout model but was sufficient to maintain JPH4 conserved in the genome. Additional studies of the function of JPH4 and indeed JPHs in general will help to answer the question of whether JPH4 is a gene on its way out or has developed a particular function yet to be discovered.
Our search also found a low but consistent similarity between JPH and phosphatidylinositol-4-phosphate-5-kinases [PIP(4,5)K] in protists and some plants (data not shown). This is probably the result of the presence of multiple MORN motifs with these sequences, which have been found to bind the negatively charged membrane lipids, in particular PtdIns(4,5)P2 and PtdOH (23) . This suggests that the PM-associated region of JPH could play a role in signaling regulation through PIP2, although no data have been published on whether it acts upstream or downstream in the pathway. The Drosophila gene Undertaker, which encodes two small transcripts, also contains MORN motifs, suggesting they may be generic membrane binding domains. Although Undertaker was reported recently as a novel JPH (9) , Undertaker actually has very little similarity to the prototypic structure that is highly conserved among all JPHs examined in this study, including the Drosophila JPHs. However, its role in calcium signaling and forming of junctional complexes between the PM and ER/SR membranes suggests that there may be a larger family of JPH-like membrane proteins, and those examined here (8 MORN domains, an ␣-helical structure and a TM domain) may constitute a specific subgroup.
Functional Roles of JPHs
In excitable cells, intracellular signaling processes occur locally within periplasmic subspaces often referred to as microdomains. The assembly of these JMCs enables communication between the PM and intracellular compartments such as the SR/ER. JPHs are believed to play an essential role in the proper assembly of these JMCs in muscle and neuronal cell types (37, 46) . In cardiac myocytes, a complex network of PM invaginations called T-tubules propagate the depolarization signal, which originates at the cell surface, throughout the cell interior. JMCs are found at regular intervals along the Ttubules, where the PM comes into close proximity to the SR membrane. Here, the cellular depolarization signal triggers the opening of voltage-sensitive L-type Ca 2ϩ channels, allowing the influx of extracellular Ca 2ϩ into the cell. After entering the JMC, Ca 2ϩ diffuses until it reaches cardiac CRCs (RyR2) on the SR membrane to trigger channel opening. This in turn allows the release of large amounts of Ca 2ϩ from the SR, increasing the cytoplasmic Ca 2ϩ concentration several-fold (50) . This amplification of Ca 2ϩ is termed CICR (12) and plays a critical role in the initiation of contraction of cardiac myocytes. The short distance between the LTCC and RyR2 is thought to be critical for efficient triggering of RyR2-mediated SR-stored Ca 2ϩ release by extracellular Ca 2ϩ . Conversely, improper approximation or alignment of LTCC and RyR2 channels in the JMC has been observed in hypertrophic and failing hearts (45, 54) . Suboptimal coupling between cytoplasmic and SR Ca 2ϩ channels results in a decreased excitationcontraction coupling efficiency and impaired contractility of the heart. Other studies have shown that disruption of JPH expression in cardiac muscle by genetic deletion of JPH2 in mice leads to the formation of fewer and improperly aligned JMCs as evidenced by the lower incidence of 12 nm junctions between the PM and SR (46) . At the whole organism level, absence of JPH2 in mouse heart muscle causes abnormal, stochastic heartbeats and death by embryonic day 10.5 (46) . Loss of JPH1 in mice results in poor skeletal muscle function, resulting in early postnatal death of JPH1 knockout mice as a result of an inability to feed (24) . These findings attest to the critical role of JPHs in the formation and functionality of JMCs.
JPH in Disease
In humans, mutations in JPH2 are associated with HCM (27, 31) . Indeed, several distinct missense mutations identified in a cohort of unrelated patients with HCM were found to impair the ability of JPH2 to maintain the critical dyadic geometry necessary for proper CICR through in vitro analyses. In rodent genetic models of HCM and dilated cardiomyopathy (DCM), reduced JPH2 expression has been associated with pathogenesis of these diseases (33) . Furthermore, in rodent models of "compensated" and "decompensated" pressure-induced hypertrophy, this downregulation of JPH2 occurred early during a period of intermolecular remodeling, ultimately resulting in uncoupling of CICR and disease pathogenesis (54) . Whether this downregulation is a maladaptive physiological response or directly contributory to the failing myocyte remains unanswered.
Trinucleotide repeat expansion in the JPH3 gene has been associated with Huntington disease-like 2 (HDL2), a disease characterized by progressive dementia, ataxia and movement disorders (including chorea) (20) . The expanded CAG/CTG repeats may result in the formation of RNA foci associated with cellular toxicity (43) . Therefore, it appears that JPH3 defects associated with HDL2 may not involve JPH3 expression abnormalities although this remains to be determined.
Posttranslational Modifications
One advantage of a large alignment of protein sequences is that it allows conservation to be assessed at the single amino acid level. This degree of resolution is important to identify key residues involved in posttranslational modifications and protein binding. Phosphorylation is a common mechanism to modify protein function, and is known to regulate calcium signaling (6, 51) . For example, PKA phosphorylation of phospholamban increases Ca 2ϩ entry into the SR, improving cardiac relaxation (5) . We identified several possible phosphorylation sites on human JPH isoforms, some of which correlate with previously proposed sites. In vivo confirmation of even some of these sites could reveal regulatory pathways that directly affect intracellular calcium signaling.
The variable nature of regulation site predictions from these different approaches confirms that they all suffer from intrinsic biases and limitations. However, it is interesting to note that some predictions cluster in highly conserved regions across isoforms, suggesting generic JPH regulation sites. Some sites are consistently predicted in regions that are highly conserved in one specific isoform. These could serve as isoform-specific regulatory sites. For example, the two postulated phosphorylation sites in mouse JPH3 are highly conserved in all species but are only found in JPH3 isoforms, suggesting an isoformspecific function or regulatory mechanism. These findings are the first step in determining how and where each JPH isoform is regulated. It is also interesting to note that most of these sites are in the joining and divergent regions, supporting the hypothesis that these two domains are responsible for protein interaction and regulation.
Protein-protein Interactions
Little information is available on JPH regulation and interactions with other proteins. Interactions are difficult to explore, since they span from transient (such as a phosphorylation event) to prolonged (binding to another structural element to form a complex, such as TM segments in the SR membrane), with highly variable effects. The two most likely sites for protein-protein interactions would be the joining region and the divergent region, since these are both highly conserved but do not seem to play a role in forming JPH structure.
Two protein-protein interactions have been specifically reported in the literature: JPH1 was shown to coimmunoprecipitate with RyR1 (40) and JPH2 coimmunoprecipitated with caveolin-3 (33) . Interaction with RyR1 supports the hypothesis of JPH being a key structural component of the JMC and opens an avenue of research into how CICR is regulated. Caveolin-3 forms caveolae in muscle and is involved in the proper formation of T-tubules and the scaffolding of the PM; mutations in CAV3-encoded caveolin-3 have been associated with myopathies (52), long QT syndrome (49) , and sudden infant death syndrome (7) . Binding of caveolin-3 to JPH could thus be an important component for the formation of JMCs in myocytes. Large-scale analyses of protein interactions have shown three additional binding candidates: SMAD3 coimmunoprecipitated with JPH1(15), slc2a4 (the glut-4 glucose transporter) in rats coimmunoprecipitated with JPH2 (13), and a coimmunoprecipitation showed an interaction between JPH3 and STK23, a serine/threonine kinase (11) . Although these large-scale approaches using tagged proteins are less precise, they do point to a variety of possible interactions and regulatory pathways that JPH could influence.
Summary
JPHs are proteins found in JMC in excitable cells, where they play a critical role in approximating the plasmalemmal and SR/ER membranes. A phylogenetic analysis of over 60 JPH proteins from over 40 species revealed that JPHs are highly conserved in evolution, in particular the MORN motifs found in all species. Our data suggest that an ancestral form of JPH arose at the latest in a common metazoan ancestor and that in vertebrates four isoforms arose, probably following two rounds of whole genome duplications. The increasing number of available JPH sequences yields significant insight into the molecular evolution and the functional roles of JPHs in excitable cells. Our analysis is consistent with the emerging concept that JPHs serve dual important functions in excitable cells: structural assembly of JMC and regulation of intracellular calcium signaling pathways.
